INTRODUCTION
Fundamental understanding of cellular processes in health and disease has been gained by studying cells of various tissues in vitro. However, results obtained from experiments in vitro are often insufficient to explain the performance of cells in more physiological settings like whole organs or living organisms. To place observations made in an in vitro system into a physiological context, studies have to be performed under in vivo conditions.
In vivo imaging methods
Noninvasive in vivo imaging techniques such as computer tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET) or bioluminescence imaging (BLI) have been increasingly used to investigate cell and organ function in small animals in vivo. Emerging advances in equipment and probe engineering over recent years has enabled functional and molecular imaging using these techniques 1, 2 . Choosing the appropriate modality depends on the general characteristics of these techniques, which differ in properties such as penetration depth, spatial and temporal resolution, sensitivity and availability of traceable probes. One major advantage of these techniques is their penetration depth, which is only in the case of BLI limited to 1-2 cm and has no limit in CT, MRI and PET 2 . However, a limitation to all these techniques for the study of cellular events is their spatial resolution and/or sensitivity 1, 2 . Although MRI has the highest resolution of 25-100 mm, its sensitivity is comparably low, with 10 À3 À10 À5 mole/L. PET has a reasonably high sensitivity of 10 À11 À10 À12 mole/L, but, with a resolution of 1-2 mm, information obtained with this technique always reflects a relatively large number of cells 2, 3 .
In contrast, confocal and two-photon laser scanning microscopy (TPLSM) provide subcellular resolution and easily enable assessment of cellular events, interactions of neighboring cells and morphology at a micrometer scale. Moreover, acquisition speed and the potential to image multiple parameters simultaneously using several fluorophores are major advantages when investigating cellular mechanisms 3 . Application of LSM for in vivo studies is usually limited due to a relatively restricted working distance and imaging depth, which, depending on the studied tissue, is maximally 1 mm (refs. 3,4) . Accessing target cells for the application of LSM is mostly invasive and often excludes the possibility of repetitive examinations. Therefore, in vivo studies utilizing LSM have, until recently, only been applied to a limited number of relatively easily accessible organs.
High-resolution in vivo imaging in the anterior chamber of the eye Here we provide a step-by-step protocol for noninvasive longitudinal in vivo studies of cell biology at single-cell resolution, utilizing LSM and taking advantage of the cornea as a natural body window. For this purpose, the tissue of interest is transplanted into the anterior chamber of the eye and cell biological parameters are assessed by LSM through the cornea.
The anterior chamber of the eye has been frequently used as a transplantation site to study a variety of tissues [5] [6] [7] [8] [9] . Although originally the anterior chamber of the eye was selected as a transplantation site because of its properties as an immune privileged site 10 , most studies use this location in a syngeneic transplantation setting, because it is easily accessible and the cornea allows macroscopic observation of the engrafted tissue. Additionally, the iris, which forms the base of the anterior chamber, has one of the highest concentrations of blood vessels and autonomic nerves in the body, and thereby enables fast reinnervation 11 and revascularization 12 of the graft. To date, studies utilizing the anterior chamber of the eye as a transplantation site mainly used macroscopic observations 7 to investigate graft physiology. This restricts longitudinal studies to parameters observable at low resolution. In vivo electrophysiology 9 as well as histology 5 and various other in vitro techniques after graft removal enable assessment of morphology and cellular function. However graft removal sets an endpoint to the study and thereby prevents longitudinal monitoring. We now combine transplantation of tissue to the anterior chamber with high-resolution LSM to enable longitudinal noninvasive in vivo studies of cell biology at a subcellular level.
We have recently used the protocol described in this article to transplant isolated pancreatic islets of Langerhans into the anterior chamber of the eye 13 . Studies on vascularized and innervated islets of Langerhans are necessary to understand the mechanisms leading to hormone secretion in health and in diseases such as type 1 and type 2 diabetes. However, due to the scattered distribution of islets of Langerhans throughout the exocrine pancreas and the anatomy of the rodent pancreas in particular, noninvasive longitudinal in vivo studies of the islets of Langerhans at single-cell resolution were not previously feasible. Techniques used to study the biology of islet of Langerhans in situ, using LSM, were rather invasive and did not allow repetitive imaging at all or only over a limited time period 14, 15 . We showed that, after transplantation to the anterior chamber of the eye, isolated islets readily engrafted 13 . Diabetic mice could be rendered normoglycemic by transplanting islets of Langerhans to the anterior chamber of their eye, and these mice showed identical responses to glucose tolerance tests compared to control mice. We were able to longitudinally monitor morphology of the islets and to follow the revascularization process. We could also repetitively measure systemically induced changes in cytoplasmic free Ca 2+ concentration in b cells of the same islet. Finally, we noninvasively monitored chemically induced cell death in islets after systemic injection of a b cell toxin 13 .
Advantages and applications of the system Our platform enables noninvasive assessment of multiple morphological and functional parameters in vascularized and innervated tissue, thus making it possible to study complex biological interactions in an in vivo system at single-cell resolution. Although our study was performed on pancreatic islets of Langerhans, the platform can easily be used to investigate a variety of tissues. Different types of tissues, transplanted to the anterior chamber of the eye, have been shown to establish organotypic vascularization 12, 16 and innervation 6, 7, 17 . This allows these tissues to be studied in a setting comparable to their natural surrounding without having to access the tissue in an invasive manner. Moreover, our protocol is not limited to the use of mice as donors or recipients. Studies similar to those described here can also be performed using rats as recipients (S.S., D.N., M.K., I.B.L. and P.-O.B., unpublished data). Additionally, using immune-deficient mice as recipients allows not only allogeneic, but also xenogeneic transplantations, for example, human islets of Langerhans transplanted to nude mice (A.C. and P.-O.B., unpublished data). Implementation of newly developed fluorescent proteins, biosensors and countless available transgenic animals expressing fluorescent markers, lacking specific proteins or resembling complex diseases will facilitate investigations of numerous parameters important for development, function and survival of transplanted cells under physiological and pathophysiological conditions. Furthermore, due to the anatomical characteristics of the eye, the target cells and their regulatory input can be modulated not only systemically but also locally without difficulty. Substances can be applied topically onto the eye or injected into the anterior chamber. Additionally, perfusion of the anterior chamber repetitively allows exchange of the aqueous humor or loading of the graft with fluorescent indicators.
Limitations of the system
Special anatomical and functional characteristics of the anterior chamber of the eye, required to optimize vision and to create an immune privileged site, have to be taken into consideration when using it as a transplantation site. Differences in the composition of the aqueous humor inside the anterior chamber of the eye and the blood plasma have to be kept in mind when interpreting observations made at this location. However, so far our studies have not shown obvious effects on normal graft function by the local environment 13 (S.S., D.N., M.K., A.C., I.B.L. and P.-O.B., unpublished data). One possible explanation might be that the induced neovascularization leads to the presence of a different vascular morphology compared to the morphology of the iris vascularization, as the vascular morphology is determined by the grafted tissue 12, 16 . In the case of engraftment of islets of Langerhans, this leads to the presence of fenestrated endothelial cells 12 . The resulting break in the blood-aqueous barrier allows for exchange of aqueous humor and blood plasma and therefore minimizes differences in their composition.
Experimental design
Choice of donor and recipient mice. The choice of donor and recipient mice is important and depends on the aim and design of the study. If immunological responses need to be avoided, syngeneic transplantations should be performed, if possible. Otherwise, immune-deficient mice, for example, nude mice, can be used to avoid an immune response in allogeneic or xenogeneic transplantation settings. The use of albino mice facilitates some studies due to the unpigmented iris, but is not essential.
Furthermore, the choice of transgenic animals expressing fluorescent proteins or biosensors regulated by specific promoters determines the assessable parameters and imaging settings. For example, a fluorescent protein, such as GFP, expressed using the rat insulin promoter (RIP) allows visualization of b cells; expression controlled by the Tie2 promoter allows detection of endothelial cells. If fluorescent proteins are to be combined in an experiment with additional fluorescent indicators (e.g., systemically injected fluorescent dextrans to visualize the vascular system), their respective excitation and emission spectra must be taken into account and must, of course, be appropriate for the imaging setup (excitation source and emission detection).
Time range of engraftment. Depending on the study parameters, it may be necessary to evaluate the time of tissue engraftment before defining experimental time points. If studies are to be performed on fully engrafted tissue, revascularization and reinnervation have to be finalized. Time periods may vary between different species, strains and pretransplantation conditions. Also the time period between revascularization and reinnervation might differ significantly. If engraftment should be assessed, reasonable time periods between imaging should be chosen. At certain periods of engraftment (e.g., shortly after transplantation), changes in morphology and function might be more dramatic than at others, and therefore imaging will need to be done more frequently.
Choice of anesthetic. When choosing the anesthetic for the experiments, several parameters have to be taken into account. Optimal anesthetics have short recovery periods and minimal side effects on the animal. However, anesthetics might also affect the parameter investigated during the study; functional parameters in particular can be influenced by certain compounds used for anesthesia. Therefore, all possible effects of the anesthesia have to be carefully evaluated to avoid false interpretations of the obtained results. 
MATERIALS

REAGENTS
. Donor and recipient mice have to be chosen according to the aim and design of the study (see Experimental design). To achieve the results presented here we used: NMRI mice (Charles River Laboratories) or (Scanbur); Tie2-GFP mice (Strain Tg(TIE2GFP)287Sato/J; Jackson Laboratory); transgenic mice with fluorescent reporters expressed in pancreatic b cells under the insulin promoter (RIP-GFP) 13 . Alternatively, (Strain B6.Cg-Tg(Ins1-DsRed*T4)32Hara/J) or (Strain B6.Cg-Tg(Ins1-EGFP)1Hara/J) (Jackson Laboratory) can be used for visualization of b cells ! CAUTION All animal studies must conform to national and institutional regulations. This protocol was approved by the local animal ethics committees at Karolinska Institutet (Local Animal Ethics Committee of Karolinska Institutet) and the University of Miami (University of Miami Animal Care and Use Committee).
. Isoflurane . 1-ml Syringe Omnitix (Braun, cat. no. 9161406V) . 5-and 10-ml Syringes Plastipak (BD, cat. no. 302187 and 302188) . 50-ml Reagent tube (Sarstedt, cat. no. 62.547.254) . 400 Anesthesia Unit (Univentor) . Microsyringe no. 705, 0.5 ml (Hamilton) . Stereomicroscope MZ FLIII (Leica) . Head-holding adapter (SG-4N-S; Narishige, cat. no. SG-4N-S) . Gas mask (GM-4-S; Narishige, cat. no. GM-4-S) . UST-2 Solid Universal Joint (Narishige, cat. no. UST-2) . Dumont no. 5 forceps (Fine Science Tools, cat. no. 11251-10) . Custom-made heating pad . DMLFSA upright microscope, equipped with a TCS-SP2-AOBS confocal scanner (Leica) . Ti:Sapphire laser Tsunami (Spectra-Physics) . 2 18 REAGENT SETUP Extracellular solution 140 mM NaCl, 5 mM KCl, 2 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.5 mM CaCl 2 , 10 mM HEPES, 3 mM glucose (pH 7.4 with NaOH). EQUIPMENT SETUP Confocal and two-photon setup For LSM, we use a Leica TCS-SP2-AOBS (acousto optical beam splitter) confocal laser scanner equipped with Argon and HeNe lasers connected to a Leica DMLFSA microscope. Two-photon excitation is achieved using a Ti:Sapphire laser (Tsunami; Spectra-Physics) for B100 fs excitation at B82 MHz. The microscope stage is customized for the use of a head-holding adaptor and mouse (Fig. 1) . Head-holding adapter To fix the head of the mouse for surgery and imaging, we use a head-holding adapter (Fig. 2a) . Depending on the type of anesthesia used, the head holder is equipped with a nosepiece (Fig. 2b ) or a gas mask (Fig. 2c) . The head holder ( Fig. 1(3) ) is attached to a metal plate ( Fig. 1(2) ), which fits onto the customized stage of the microscope ( Fig. 1(1) ). The metal plate is covered by a heating pad (Fig. 1(5) ). Body temperature is controlled via a rectal probe, which regulates the temperature of the heating pad. Eye stabilizer For retraction of the eyelids and additional stabilization of the eye we use a custom-made supporting device (Figs. 1(4), 2a and 3) . UST-2 Solid Universal Joint. Fix the Universal Joint to the same metal plate as the head holder on a level with the eye, so you can reach the eyes with the tips of the forceps. Cover the tips of the forceps with a piece of polyethylene tube, creating a loop between the tips. At the front of the forceps, attach a screw to enable adjustment of the distance between the forceps tips (Fig. 3) . Islet injection Connect B10 cm of 0.4 mm i.d. polyethylene tubing with a 27-G needle to the 0.5-ml Hamilton syringe and insert the blunt 27-G cannula at the other end of the tubing. During injection into the anterior chamber, fix the Hamilton syringe to the table to allow the cannula to be held with one hand while injecting with the other (only possible if using the head holder for transplantation). Custom-made gas mask For transplantation without using the head holder prepare a small gas mask from a 5-ml plastic syringe by removing the piston and cutting the syringe B1 cm above the bottom. Connect the tubing of the anesthetic pump to the needle fitting. Anterior chamber perfusion Outflow: connect a B35-cm piece of polyethylene tubing 0.86 mm i. 
PROCEDURE
Transplantation of pancreatic islets to the anterior chamber of the eye 1| Isolate mouse pancreatic islets as previously described 20, 21 . Culture islets as required, depending on study parameters (see INTRODUCTION).
2| Transfer 30-40 islets from the culture medium to a dish containing sterile PBS using a pipette and center the islets in a cluster as compact as possible in the middle of the dish by rotating the dish in small circles.
3| Aspirate the islets into the blunt 27-G cannula and the connected polyethylene tubing. The islets should be aspirated in a minimal volume (10-20 ml) to facilitate injection into the anterior chamber. To further decrease the injected volume, let the islets sink to the end of the tube toward the cannula by hanging the tube upside down until injection. m CRITICAL STEP Aspirating the islets into too large a volume will lead to difficulties during the injection process. It will expose the eye to unnecessarily high intraocular pressure and may result in reflux of islets out of the anterior chamber after removing the cannula.
4| Put a piece of cotton wool in a 50-ml reagent tube and drop B1 ml isoflurane onto the wool. Stun the mouse by holding the head into the reagent tube for a few seconds.
5| Place the mouse in the head holder (see EQUIPMENT SETUP) under a stereomicroscope and fix the head with the eye selected for transplantation facing upward. If not using a head holder, place the mouse under a stereomicroscope on a heating pad with the eye selected for transplantation facing upward and put the nose of the mouse in the gas mask (see EQUIPMENT SETUP).
6| Anesthetize the mouse using isoflurane, 2-2.5% (vol/vol) in 40% (vol/vol) O 2 and 60% (vol/vol) N 2 . ! CAUTION Isoflurane levels must be carefully controlled to ensure a proper state of anesthesia, by checking reflexes and physiological parameters such as breathing or heart rate. Vacuum is applied in the area of anesthesia to protect the operator.
7| Inject buprenorphine (0.05-0.1 mg kg À1 ) subcutaneously to relieve postoperative pain.
8| If using a head holder, carefully pull back the eyelids and gently place the polyethylene tubing loop of the eye stabilizer (see EQUIPMENT SETUP) below the corneoscleral junction. Otherwise, use one hand to retract the skin around the eye to visualize the corneoscleral junction of the eye and gently fix the position of the head. Be careful not to interrupt the breathing or blood circulation while holding the mouse. m CRITICAL STEP Great care has to be taken when placing the stabilizing forceps. Pay attention not to disrupt blood circulation in the eye. This can be easily assessed by observing the movement of erythrocytes in the blood vessels of iris and graft.
9| Connect a 27-G needle to a 1-ml syringe to ease handling. Use the 27-G needle to puncture the cornea close to the sclera while taking great care not to damage the iris and to avoid bleeding. 10| Gently insert the blunt cannula into the anterior chamber of the eye through the hole made with the needle. Slowly inject the islets into the anterior chamber. After injection, carefully withdraw the cannula.
11| Leave the anesthetized mouse in the head holder for an additional 10-15 min. In our experience, a short delay after transplantation before waking up the animal is sufficient to facilitate engraftment of the tissue at the position it settled after injection.
12| Put a drop of Viscotears on the eye to prevent desiccation.
13|
Remove the mouse from the head holder, turn off the isoflurane and observe the mouse to ensure full recovery before returning it to its cage.
14|
Return the mouse to its cage until the determined time point to image the transplanted islets. The length of time required will depend on the parameters of the experiment (see Experimental design).
Imaging of islets engrafted in the anterior chamber of the eye 15| When ready to image the transplanted cells, stun the recipient mouse, anaesthetize and expose the eye containing the transplanted islets as described in Steps 5-6 and 8-9. For imaging, head holder and eye stabilizer should be used. If buprenorphine is injected (as in Step 7) this should be done B20 min before the end of the experiment.
16| Place the head holder together with the mouse under an upright microscope equipped for confocal LSM and TPLSM.
17|
To get an overview of the eye, use low-magnification objectives (2.5 and 5Â). (ii) Anesthetize the mouse by an intraperitoneal injection of 100 ml per 10 g bodyweight of a Hypnorm/sterile water/Dormicum mix (1:2:1). Anesthesia will set in within 1-2 min. Prolong anesthesia by injections of 50 ml per 10 g bodyweight of a Hypnorm/sterile water mix (1:3) after 30 and 60 min. If necessary, prolong anesthesia further after 90 min by an injection of 50 ml per 10 g bodyweight of the initial Hypnorm/sterile water/Dormicum mix (1:2:1). m CRITICAL STEP Care has to be taken when choosing anesthetic for functional studies on islet cells, as several compounds have been reported to exert an effect on blood glucose levels and insulin secretion 23, 24 . Isoflurane has been shown to inhibit glucose stimulated insulin release by a direct mechanism on islet cells, and therefore is not suitable for functional studies 25 . A mix of Hypnorm/Dormicum does not seem to interfere with the measurements of changes in cytoplasmic free Ca 2+ concentration. (iii) Put the mouse in the head holder and fix the head with the eye containing the transplanted islets facing upward. (iv) Carefully pull back the eyelids and gently place the polyethylene tubing loop of the eye stabilizer below the corneoscleral junction and place holder and mouse under the upright microscope. m CRITICAL STEP Great care has to be taken when placing the stabilizing forceps. Pay attention not to disrupt blood circulation in the eye. (v) Hang the open reservoir of the outflow at a height of B21 cm above the eye to ensure a constant intraocular pressure of B15 mm Hg. Place the capillary holder of the outflow in the micromanipulator. (vi) While using a 2.5Â objective to observe the entire eye, insert the outflow pipette into the anterior chamber with the micromanipulator. The pipette should penetrate swiftly through the cornea at an angle of B151. m CRITICAL STEP Be careful not to unnecessarily scratch the cornea or to damage the iris. (vii) Aspirate B130 ml of the Fluo-4/Fura-Red mix (1:1, 500 mM each) into the inflow capillary and fix the capillary holder onto the micromanipulator. Make sure that there is enough dye-free extracellular solution in the syringe for wash out. Place the 1-ml syringe of the inflow into the syringe pump. (viii) Insert the inflow pipette into the anterior chamber opposite the outflow pipette. Penetrate the cornea as described in
Step 18D(vi). (ix) Initially, exchange the aqueous humor with the perfusate at a fast rate (B10 ml in 30 s). Observe through the microscope the fluid entering the anterior chamber and exiting through the outflow micropipette. This can be facilitated by using a fluorescent lamp if fluorescent indicators are perfused. Additionally, make sure the anterior chamber is not swelling due to increased intraocular pressure. ? TROUBLESHOOTING (x) Continuously perfuse the anterior chamber of the eye at a rate of B3 ml min À1 for B40 min. (xi) After loading, wash out the dye in the anterior chamber by perfusing the anterior chamber at a fast rate (B10 ml min À1 ).
m CRITICAL STEP During all perfusion steps, regularly control the functionality of the perfusion. Pay attention that the eye is not swelling due to a blocked outflow. m CRITICAL STEP Buprenorphine must not be injected before ending the experiment as it acts as an antidote to the analgetic compound of Hypnorm (Fentanyl). (xix) Place the mouse in a warm environment (B30 1C) until it wakes up after Hypnorm/Dormicum anesthesia. This can take several hours.
TIMING
Step 1, isolation of islets: B4 h; dependent on the number of mice used for isolation Steps 2-14, transplantation of islets to the anterior chamber: B25 min per mouse
Step 18A, imaging of graft morphology: B1 h per mouse; dependent on the amount of tissue transplanted
Step ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 .
ANTICIPATED RESULTS
The platform described here enables longitudinal assessment of several biological parameters in vivo without the need for invasive surgical procedures to access the tissue of interest. Following transplantation of pancreatic islets of Langerhans to the anterior chamber of the eye, the current protocol easily enables detection of islet graft morphology by reflection or fluorescence imaging (Fig. 5) . Furthermore, vascularization ( 
